Because of its small cross section, the @'Sr(n,y) reaction is an important bottleneck during s-process nucleosynthesis. Hence, an accurate determination of th& rate is needed to better mnstrain the neutron exposure in S-procajs models and to more fully exploit the recently discovered isotopic anomalies in certain meteorites. We have completed the resonance analysis of our new and improved measurements of the neutron capture and total crcaa sections for %r made at the Oak Ridge Electron Linear Accelerator (ORELA). We describe our experimental pmcedures and resonance analysis, compare our results to previous data, and discuss their astrophysical impact.
I INTRODUCTION
The *'Sr(n, y) cross section is important to nuclear astrophysics for at least three reasons. (i) Because this cross section is very small, %r acts aa a bottleneck in s-process 'nuclecqnthesis [I] . The A M 100 region is complicated, with several different nucleosynthesis processes contributing to the abundances of nuclides in this region. Because of its bottleneck character, it is crucial to know accurately the cross section for the %r(n,r) reaction so that the relative contributions of various processes to the solar system abundances can be disentangled. (ii) It has been shown that a measurement of the Rb/Sr ratio in stars can be used to extract the neutron density during the s process. Current results [2] indicate that the neutron density derived from these data is consistent only with the s process occurring during the interpulse phase in low mass asymptotic giant branch (AGB) stars. Because the cross sections were not measured to low enough energies to determine the low-temperature reaction rates needed in the models, this conclusion is based mainly on extrapolations of previous neutron capture measurements. Strontium is the normalization point for these data and strontium is mostly ?3r. Therefore, new measurements of the %r(n, y) cross section are needed at lower neutron energies to provide a more robust test of stellar models. (iii) Non-solar ratios for isotopes of strontium and other elements have been observed in Sic grains in certain meteorites [3] . Such observations provide the s-process abundance ratios for isotopes of several elements, thereby greatly expanding the number of "effectively s only" calibration points for models of the s process. Calculations indicate that isotopes with small (n, y) cross sections provide the most sensitive test of s-process mo'dels when comparing to the meteorite data. Hence, more precise reaction rates are needed for nuclides such as s*Sr to more fully exploit the opportunity offered by meteorite data for improved understanding of the s process.
There have been three previously reported measurements of the "Sr(n, y) cross section from which the reaction rate has been determined [1, 4, 5] . None of these previous measurements can be used reliably to determine the reaction rate across the range of temperatures needed for stellar model calculations-the first because it was made with a pseudo-Maxwellian source and hence determines the reaction rate at the single temperature kT = 25 keV, the latter two because they are too imprecise and because they did not extend low enough in energy. Also, subsequent work [6] has shown that relatively large systematic errors may plague these data. Finally, a resonance at 2.780 keV has been reported [7] , but apparently ignored in evaluations of the reaction rate. Although the reported parameters for this resonance have large uncertainties, its inclusion leads to a 77% increase in the reaction rate at 5 keV over the rate calculated from all the other resonances reported in Ref. [5] . Hence, it is vitally important to make new measurements in this energy range. 
II DATA ANALYSIS AND RESULTS
A brief report of our new measurements and resonance analysis were given in Ref. [8] . Since that report, we have refined the resonance parameters and extended the resonance analysis of the transmission data to 850 keV. The neutron capture and total cross sections for %Sr were measured over the energy range from 20 eV to 350 keV and 850 keV, respectively, at the Oak Ridge Electron Linear Accelerator (ORELA). Improvements over previous measurements include a wider incident neutron energy range, better energy resolution, the use of metallic rather than carbonate samples, separate, background measurements and better background subtraction, the use of an apparatus with much smaller sensitivity to sample-dependent backgrounds, better pulse-height weighting functions. and a separate transmission measurement to determine the total cross section. The transmission data were invaluable in extracting resonance areas from the capture data (which were subsequently used to calculate the reaction rate).
The multi-level, multi-channel, Z-matrix code SAMMY [9] was used to fit both our transmission and capture data and extract parameters for 101 resonances in the energy range from 12 keV to 350 keV. Representative data and fits are shown in Fig. 1 . In our previous report [S], we had used the resonance parameters in Ref.
[ll] in the energy range above 350 keV except that we allowed the neutron widths of some of the broader resonances in this region to vary to obtain better fits to the data below 350 keV. Since that time, we have used our transmission data to obtain better resonance parameters in the 350-to 850-keV region, resulting in parameters for 166 resonances in this region. All full report of the resonance parameters will be given in a subsequent paper.
III COMPARISON TO PREVIOUS RESULTS AND DISCUSSION
A small part of the newly analyzed 350 to 850 keV region is shown in Fig. 2 . As can be seen, our new resonance parameters represent a substantial improvement over those given in Ref.
[ll]. The capture kernels (gJrJ',/r) from the fits to our data are compared to previous results [5, 6] in Figs. 3 and 4 . Because the resolution was poorer in the previous measurements, it was often necessary to add the capture kernels from two or more resonances in the present work to make these comparisons. When this was done, the energy or neutron width of the resonance with the largest neutron width was used to plot the data. From Fig. 3 , it can be seen that there is reasonable agreement between our results and the previous work with the exception that the capture kernels from Ref.
[s] are, on average, somewhat larger, especially for those resonances with very large r,. This difference would seem to indicate that the correction for prompt neutron sensitivity was underestimated in Ref. [5] . However, in Fig. 4 , it can be seen that there is a more obvious trend for the capture kernels of Ref. [5] to be systematically larger than our data with increasing energy.
It is possible that this trend could result from improper background subtraction and/or from improper corrections for resonance self shielding (because the neutron widths for many of the resonances were not known) as well as from an undercorrection for prompt neutron background in Ref. [5] . In the present work, both the sample-out background as well as the non-prompt component of the neutron sensitivity background were determined in separate measurements, whereas in Ref.
[5] these backgrounds were estimated using a smooth function whose magnitude was adjusted in the fitting procedure used to determine the resonance parameters. In addition, the neutron widths for all of the resonances were well constrained in our work because we had made separate transmission measurements. Because the relative sizes of these backgrounds increase as the width of the resonance increases, it is possible that the trends seen in Figs. 3 and 4 could in part be due to an underestimate of these backgrounds in Ref. [5] . In Fig. 5 can be seen further evidence that the prompt neutron sensitivity background was underestimated in Refs. [5, 6] . This figure shows our capture and transmission data and our fits to these data as well as the effective capture cross sections calculated using the resonance parameters of Refs. [5, 6] . It is important to note that our data as well as our resonance parameters have not been corrected for the background due to prompt neutron sensitivity whereas the parameters of the previous works received substantial corrections for this background. The calculation using the parameters of Ref. [5] 1s in fairly good agreement with the data for the narrower resonances but is substantially larger than the data for the two broadest resonances near 290 and 325 keV. Similarly, the calculation using the parameters of Ref. [6] also appears to be too high for these two broad resonances. However, these comparisons are complicated by the fact that many of the resonances were not resolved in Ref. [5] . For example, our data clearly show that there are at least 5 resonances between 272 and 300 keV whereas only two are reported in Ref. [6] . Similarly, only the parameters for the resonances with large r, were reported in Ref. [6] , so our parameters were used for the other resonances shown in Fig. 5 .
There is no indication of the resonance reported in Ref. [7] at 2.780 keV in our capture or transmission data on ssSr; hence, if it exists it is much too small to have any significant impact on the astrophysical reaction rate. The most likely explanation seems to be that this resonance is actually in another strontium isotope. In Ref.
[II], there is a resonance reported in s7Sr+n at very nearly the same energy (2.756 keV). In addition, measurements we have made with a natural strontium sample also show a resonance at 'this energy.
The evaluated rate of Ref.
[lo] has been used most frequently in recent s-process nucleosynthesis calculations. Unfortunately, the authors of Ref.
[lo] used the resonance parameters given in Ref.
[II] rather than those in the primary sources to calculate the reaction rate. In Ref. [Ill, the radiation width of the first s-wave resonance at 13.852-keV was scaled upwards by 35% to fit the thermal cross section. Because the level density is fairly low, and because this resonance is rather broad, this change causes a significant increase in the reaction rate across a range of temperatures compared to the rate calculated using the reported [5] radiation width for this resonance. It is also important to note that both the rate and its uncertainty given in Ref.
[lo] have been scaled [12] to the single-temperature measurement of Ref.
[I]; hence, the uncertainty given in Ref. [lO] ,is too small except at kT= 25 keV and subsequent correction factors [13] to the data of Ref. [5] were disregarded. The reaction rate calculated from our resonance parameters is compared to previous results [l,lO] in Fig. 6 . For clarity, the uncertainty (about 3%) in our rate is not shown. As can be seen, our rate is significantly different from that of Ref.
[lo], and there is a small, but significant difference between our rate and that of the most precise previous measurement of Ref. [l] . For Ref.
[l], we show the result of their actual measurement at kT = 25 keV in addition to the more commonly quoted value resulting from their extrapolation to kT = 30 keV. We do so because a l/t> shape was used in Ref.
[l] for this extrapolation, which is clearly incorrect as shown in Fig. 6 .
The difference between our rate and that of Ref.
[I] at kT = 25 keV is <CJ> = 0.521bO.27 mb. Because our measurement determines the rate resulting from resonances whereas the rate determined from the activation measurement of Ref. [l] includes contributions from both resonant and non-resonant sources, it is possible that a non-resonant component of the cross section is responsible for the difference between the two rates. The very small contribution from the difference between the measured thermal cross section (the value given in Ref.
[ll] is incorrect by a factor of 10) and the thermal cross section due to known s-wave resonances is included in our rate. Because of the known spins, parities, and spectroscopic factors, direct capture of p-wave neutrons appeared to be a likely cause of the difference in the two determinations of the reaction rate at kT = 25 keV. Therefore, we calculated [8] the direct capture cross section. The resultant direct capture cross section has an energy dependence approximately proportional to & with a value of 0.33 mb at 25 keV. The result of adding the reaction rate due to the calculated direct capture cross section to that due to the resonances as determined in our ORELA measurements is shown in Fig. 6 . There is now excellent agreement between our total rate and that of Ref.
[I] at kT=25 keV. Hence, for the tirst time, with our new measurements and direct capture calculation there is now a precise and
